Introduction
Recombinant adenoviruses are among the most widely used vectors for gene therapy. Beyond this therapeutic goal, scientists use these viruses as an alternative to conventional transfection methods in basic research. The high efficacy of infection of most epithelial cell lines, which leads to up to 100% gene transfer, makes adenoviruses highly advantageous if compared with other transfection agents. However, since the target cells are confronted with an infection event upon adenoviral gene transfer and since E1-deleted replication-deficient adenoviruses of the first generation exhibit some residual gene expression, 1-4 the cell's homeostasis may be disturbed, which could mask or simulate effects of the transgene under study or result in unwanted vector-related sideeffects. Accordingly, in vivo toxicity of first generation adenovirus has been reported. [5] [6] [7] A major task of an adenovirus, infecting the host cell, is to regulate tightly the cell's apoptotic response upon infection and to control the cell's cell cycle such that its replication machinery can be efficiently utilized. 8 We have therefore analyzed the effect of adenoviral infection on cell cycle and apoptosis in an in vitro experimental setting where indirect effects, especially those exerted by the immune system are eliminated. As model cell lines we used hepatocytes established from p53 knock-out mice (A2 cells) and in addition three well known tumor cell lines. A marked G2/M arrest upon adenoviral infection was observed as well as apoptosis, which was dramatically increased if the cells were reconstituted for p53.
Results

Growth retardation of A2 cells after transduction at higher MOIs
To determine the susceptibility of A2 cells to adenoviral infection, cells were transduced with different MOIs of Ad.␤gal. After 2 days, cells were fixed and X-gal stained. The percentage of blue staining cells increased largely linear with increasing MOI, reaching 100% at an MOI of 125 ( Figure 1A ). At MOIs of 300 and 500 (Figure 1e and f) the huge difference in the efficacy of gene transfer on the single cell level was particularly evident and a decrease in cell density as well as an increase in cell size seemed to have been provoked by adenoviral infection (same magnification as above). Photographs of unstained cells ( Figure 1B such that contact inhibition as the reason for the differences in cell size can be ruled out.
To determine the effect of administration of a replication-deficient adenovirus on cell growth in more detail, we transduced A2 cells with Ad.CMV-tk (Ad.tk). This virus carries the herpes simplex virus thymidine kinase gene, which has been widely used for the generation of transgenic animals 9, 10 and model cell lines 11 for gene therapeutic purposes and seems to be nontoxic if expressed in mammalian cells. The gene is placed under the control of the strong viral CMV promoter. With these characteristics Ad.tk can serve as an appropriate control virus. After 2 days, the number of viable cells was determined and a gradual reduction of cell number with increasing MOIs was observed (Figure 2) . Altogether, these results show that A2 cells can be nearly completely but not homogenously transduced at an MOI of 100 and further indicate that growth retardation, accompanied by an increase in cell size, occurs after infection at higher MOIs.
Growth retardation is associated with G2/M arrest Next, we wanted to determine whether the growth inhibitory effect was caused by changes in the distribution of the cell population over the different cell cycle phases. We chose MOIs, which lead to minor (MOI 100) or substantial (MOI 400) growth retardation. Cell number and cell cycle profile were determined simultaneously. Determination of cell number over a period of 3 days revealed an initial and slight reduction in cell number after transduction at MOI 100 and a complete but transient stagnation of cell number at MOI 400 (Figure 3a) . The cell cycle profiles revealed an increase in the percentage of cells in G2/M after infection at both MOIs (Figure 3b ). This effect was more pronounced and more prolonged at the higher MOI. The increase in G2/M phase could be detected as early as 7 h after infection (data not shown). Similar effects were also observed using Ad.␤gal control virus (data not shown). These results indicate that adenoviral infection induces an early and transient accumulation of cells in the G2/M phase, which may be responsible for an initially reduced growth rate and which is dependent on the MOI used.
Adenovirus induces apoptosis in p53-reconstituted cells
In addition to prolongation of G2/M upon infection with Ad.tk at high MOI, a fraction of cells with reduced DNA content (sub G1) was observed (see Figure 3b , arrow). To examine whether this possibly proapoptotic effect of replication-deficient adenovirus could also be detected at lower MOI in the presence of additional proapoptotic stimuli, we reconstituted A2 cells with the p53 gene, which is a well known inducer of cell cycle arrest and apoptosis. Cells were transduced with low MOI Ad.p53 (100) and we examined whether cotransfer of Ad.tk at different MOIs would drive the cells into apoptosis.
To monitor a cell's position in the cell cycle in relation to the level of p53 gene expression, we performed twoparameter flow cytometry over a period of 3 days after infection with the different virus preparations. Cells were prepared for flow cytometry by immunostaining against p53, which allows determination of p53 content (y-axis) on the single cell level. Gene transfer was also confirmed by Western blotting (data not shown). As illustrated in Figure 4a (second panel), 24 h after infection at MOI 100, the majority of cells exhibited elevated levels of p53 (shift on the y-axis (see horizontal dash) as compared with the control. Cells, which stained highly positive for p53, showed a nearly complete lack of S phase with some cells arrested in G2/M and the majority arrested in G1. Only the small percentage of the cells which were weakly infected or noninfected (p53 negative) seemed to have entered S phase. This p53-induced G1 arrest continued basically unaltered for 48 h. Again, 24 h later (h 72), weakly infected cells had apparently regained growth once the level of p53 had dropped. Cells expressing extremely high levels of p53 had gone into apoptosis, whereas the majority of cells with intermediate levels of p53 were still G1 arrested. A further follow-up of the cell cycle profile over 10 days after gene transfer into 100% of cells revealed that most cells indeed regained growth after several days (data not shown), so that the strong S phase on day 3 after infection at low MOI clearly did not just originate from proliferating uninfected cells. These results indicate that low-level reconstitution of A2 cells with p53 causes predominantly a reversible G1 arrest. Dependence of the cellular reaction either towards apoptosis or towards G1 arrest on the levels of transferred p53 has been described before 12 but to our knowledge this is the first time that reversibility of p53-induced G1 arrest has been shown.
We then transduced the cells at MOI 100 with Ad.p53 and increased the MOI by coinfection with Ad.tk at MOI 100, 200 and 300 (Figure 4a , lower panels). Two-dimensional display of the cell cycle and apoptosis profile showed a slight increase in the percentage of apoptotic cells at a cumulative MOI of 200 (from 11% to 27%), which dramatically increased up to 61% or 75% at a cumulative MOI of 300 and 400. Other than after transduction with low MOI Ad.p53 alone, no cells regained growth. These flow cytometric data are paralleled by the determination of cell numbers ( Figure 4b ). In addition, a prominent G2/M arrest, comparable with the one observed with high MOI of Ad.tk was seen. Similar findings were obtained if Ad.␤gal was used instead of Ad.tk (data not shown). These results indicate that cotransfer of low MOI Ad.p53 together with Ad.tk can evoke a strong apoptotic response, which is highly dependent on the amount of virus used.
Because comparability of adenoviral titers was crucial in this experiment, we performed Southern blotting of adenovirally infected cells with a probe specific for adenoviral DNA as a second independent method in addition to the cpe assay. To demonstrate that this method detects only genomes of infective viruses, the hybridization signal of nuclear preparations of infected A2 cells was compared with that one of cytoplasmic/membraneous fractions which could, in principle, contain large amounts of noninfectious particles, still competent in binding or even internalization. However, the signal showed that adenoviral DNA was only found in the nuclear fraction, such that contamination of the Southern blot signal by noninfective particles is unlikely (Figure 5a ). A2 cells were then infected with low and high MOI (as determined by a modified cpe assay) of Ad.p53 and Ad.tk and the amount of internalized adenoviral copies was compared. The intensity of the signal of both virus DNAs was similar (Figure 5b ) such that a good correlation of viral titers as determined by cpe assay and Southern blotting could be inferred.
Figure 4 Effects of combined transfer of Ad.p53 and Ad.tk on A2 cells. Cells were transduced with the viruses at the indicated MOIs. On days 1, 2 and 3, cells were harvested for cell counting (b), and two-parameter flow cytometry (a). (a) DNA content (PI staining) is displayed on the x-axis, p53 content on the y-axis. The percentage of apoptotic cells is indicated in the lower left corner. A horizontal dash is inserted in the y-axis of all diagrams to indicate values of the same fluorescence intensity. The asterisk indicates that the cells have already reached confluence. One representative of several similar experiments is displayed.
Induction of apoptosis is confirmed by annexin V staining
In order to evaluate whether the loss of DNA as the reason for the sub-G1 peaks observed was preceded by other cellular reactions indicative of apoptosis, we stained A2 cells with annexin V, which detects phosphatidylserine flipping from the inner leaflet of the plasma membrane to the outer layer at the early stages of apoptosis. A2 cells were infected with Ad.tk and Ad.53 as indicated in Figure 6 , harvested on day 3, and stained with annexin V and propidium iodide (PI) without prior permeabilization. Only a slight increase of annexin V-positive and PI-negative (dye excluding) cells (upper left quadrant) was seen after infection at low MOI Ad.p53 and high MOI Ad.tk alone, whereas coinfection resulted in 45% annexin V-positive and PI-negative cells. No increase in annexin V-and PI-positive cells (upper right quadrant, necrotic cells) was observed. These results rule out necrosis as the possible reason for the sub-G1 fractions observed above, and argue strongly for apoptosis as the predominant underlying mechanism.
Induction of apoptosis by adenovirus is also seen in other tumor cell lines and depends on endogenous or transferred p53 To examine, whether the effects observed in A2 cells are also seen in other cell lines, we evaluated cellular survival and apoptotic response upon infection with Ad.p53 at low MOI and Ad.tk at high MOI in HuH7, HepG2 and A549 cells. Susceptibility to adenoviral infection had been checked previously (data not shown), and appropriate MOIs to ensure comparable infection efficacy were chosen. In all three cell lines, cotransfer of Ad.p53 and Ad.tk clearly lead to an induction of apoptosis up to 40-70% of the whole population and a reduction in cell number down to 2-18% of the negative control (Table 1) .
We next examined the response on transfer of Ad.tk alone. The effects observed differed significantly between the cell lines. Whereas Huh7 cells, which contain mutant p53 13 showed (similar to p53-negative A2 cells) only a moderate induction of apoptosis by infection with Ad.tk alone, HepG2 and A549 cells which both contain wildtype p53 14, 15 responded with a prominent induction of apoptosis and a more severe reduction in cell number (Table 1) . This difference upon infection with Ad.tk was confirmed by annexin V staining ( Figure 7 ). These results indicate that apoptosis can be induced by adenovirus alone, which apparently depends on the presence of endogenous or transferred p53.
Adenovirus infection increases the levels of p53 and bax
We wondered whether adenovirus infection might be a signal for induction of p53, and we determined p53 protein levels by Western blotting in p53-positive HepG2 and A549 cells. A marked induction of endogenous p53 after infection at high MOI of Ad.tk was seen, which underscores the impact of adenoviral infection on cells (Figure 8a) . Surprisingly, ectopic p53 was also stimulated by adenoviral infection in A2 cells (Figure 8b , see also Figure 4a , lower panels). This could be due to stimulation of the CMV promoter, which drives the p53 gene in Ad.p53, by NFB that is induced by viral infection. 6, 16 Another possibility is stabilization of p53 by events resulting from the infection of the cell with adenovirus.
Among several proteins (bax, bad, bag, bcl-2, bcl-x l ; data not shown) known to be involved in apoptosis, only bax was significantly elevated in response to Ad.p53 infection (Figure 9a) . A slight induction of bax was also seen after infection at high MOI of Ad.␤gal control virus. In a different set of experiments, induction of bax by p53 was less prominent than described above but strikingly, infection at high MOI of control virus (Ad.tk) produced a level of bax protein comparable with that after infection at low MOI Ad.p53 (Figure 9b) . No further increase of bax levels was observed if combinatorial infections with Ad.p53 and Ad.tk were performed (Figure 9b ) or if the MOI of Ad.p53 was further increased (Figure 9a ).
E1-deleted vectors exhibit residual gene expression and replicate on the cell lines examined
In order to examine whether the adenoviral effects observed on the induction of apoptosis are mediated by any residual expression of adenoviral genes or adenoviral replication, we infected all four cell lines with MOIs leading to nearly 100% (low MOI) or 400% (high MOI) gene transfer. After 24 h, the presence of transcripts from the adenoviral E4 ORF6 gene was determined by RT-PCR ( Figure 10 ). Whereas no transcripts could be detected in the uninfected cell lines, infection with adenovirus resulted in positive bands in all four cell lines and at both MOIs. For determination of adenoviral replication, infected cells were harvested shortly after infection and on each of the following 4 days. Determination of the amount of adenoviral copies in the cells as an indicator of adenoviral replication revealed an increase of adenoviral DNA over time ( Figure 11 ). Adenoviral replication was more pronounced after infection at high MOI than at low MOI and differed between the cell lines. These results indicate that, despite the lack of the E1 region, residual gene expression and adenoviral replication takes place in all four cell lines examined.
Figure 9 (a) and (b) Effects of adenovirus on the content of bax protein. A2 cells were transduced with the viruses and MOIs as indicated. On day 3, cells were harvested for determination of bax content by Western blotting. Similar results as shown were obtained for days 1 and 2. Densitometric signal intensity relative to the uninfected controls is indicated.
Figure 10 Expression of the adenoviral E4 ORF6 gene upon adenoviral infection. Cells were transduced with
Apoptosis induction is diminished but not abrogated by UV inactivation
In order to examine whether the adenoviral infection event itself may have proapoptotic potential, we performed UV-inactivation of the viral DNA by incubation in 8-methoxy-psoralen (8-MOP) and exposition to UV light. By this process, transcriptional activity is prevented such that any observed effects are independent of viral gene expression. UV-inactivation reduced viral titer by 5 orders of magnitude, whereas neither incubation in 8-MOP nor exposition to UV light alone had any effect. In the first set of experiments, cells were infected with Ad.p53 at low MOI and active or UV-inactivated Ad.tk at high MOI. Under these conditions, Ad.p53 and Ad.tk, as delivered alone, induced apoptosis in 10% of the cells and the combination of both viruses killed nearly 75% of the population (Table 2 ). In this experimental setting, UVinactivation led only to a minor reduction of apoptosis to an average of 63%. Similar to the induction of apoptosis, the adenovirus-induced G2/M arrest was also not abrogated by UV-inactivation (data not shown). This result indicates that under conditions of close to 100% gene transfer of Ad.p53 the sole process of infecting A2 cells at high MOI Ad.tk seems to be capable of inducing apoptosis and of inducing G2/M arrest.
However, the mere reduction of the adenoviral MOIs by one-third dramatically changed the outcome of transduction. Ad.p53 applied at an MOI of 66 and Ad.tk applied at an MOI of 200 both killed less than 2% or 5% of cells and the combination led to an average of 31% apoptosis (Table 2 ). This induction of apoptosis was completely abrogated if UV-inactivated Ad.tk was used. These results indicate, that under experimental conditions, which obviously provide only moderate proapoptotic stimuli, adenoviral gene expression is neccessary for induction of apoptosis, whereas at inceased MOIs the event of infection seems to be sufficient for apoptosis to occur.
Discussion
We have analyzed the effects of adenoviral transduction on the cell cycle and the susceptibility to apoptosis of transduced target cells.
Infection of p53-negative A2 cells at an MOI three times higher than required for 100% gene transfer caused apoptosis in a small fraction of cells. However, the full apoptosis-inducing power of replication-deficient aden- ovirus was seen if A2 cells were infected with adenovirus and simultaneously reconstituted for p53, which then killed the majority of cells. Since neither reconstitution with p53 alone nor infection with Ad.tk at high MOI alone caused more than 12% apoptosis, a dramatic overadditive effect of the two stimuli can be inferred. The importance of the presence of p53 is underscored by our observations that adenoviral transduction increased the levels of endogenous p53 in HepG2 and A549 cells and virus alone induced much more apoptosis in these cells than in p53-negative A2 and HuH7 cells. However, p53 does not seem to be a prerequisite for adenovirus-mediated apoptosis, because in p53-negative A2 cells some apoptosis was induced by infection at high MOI Ad.tk and the levels of the proapoptotic bax protein 17 were found to be elevated in this cell line as well. We therefore assume that replication-deficient adenovirus induces apoptosis through p53-dependent and -independent pathways.
UV inactivation of the adenoviral DNA did not fully abrogate the apoptotic response upon cotransfer of Ad.p53 and Ad.tk, which indicates that the infection event is sufficient for the induction of apoptosis, provided that the cells contain a certain level of functional p53. An explanation for this phenomenon may be an activation of NF-B by adenovirus at high MOI, which has been described in vitro 18 and in vivo 6, 16 and which is also not abrogated by UV inactivation in vitro. 18 The rapid activation of NFB in vivo within 20 min after vector administration 6 when viral genes are not yet expressed indicates that the particle itself triggers the process. 6 An apoptosis-promoting function of NFB upon infection with dengue and sindbis virus has been described 19, 20 but antiapoptotic functions have also been reported. 21 It may, therefore, be also possible that the protein may alternatively be produced to serve as an antiapoptotic molecule to counteract apoptotic stimuli. Activation of the Raf/MAPK signaling pathway by the adenoviral infection process has also been described. 22 Similarly as for NFB, the available data are not sufficient to decide whether Raf exerts its proapoptotic or antiapoptotic functions 23 during adenoviral infection. Further reduction of the MOI still killed 30% of the cells if intact Ad.tk was applied whereas UV inactivation completely abrogated apoptosis, which indicates that under 'mild' proapoptotic conditions the infection event itself is not sufficient to promote apoptosis but some other proapoptotic activity such as expression of adenoviral genes or adenoviral replication is present. Adenoviral genes with known proapoptotic effects are E3-11.6K 8, 24 and E4. 8, 25 Toxicity in cell culture has been reported for the E2a gene product. 26, 27 We examined expression of the E4 ORF6 gene and were able to detect expression of this gene in all cell lines at MOIs leading to 100% or 400% gene transfer. Despite deletion of the essential E1a and E1b genes, residual expression of cytotoxic genes apparently takes place. This result confirms earlier findings of residual expression of adenoviral genes such as E2, E3 and E4, [2] [3] [4] whose promotors are active at higher MOIs. Not surprisingly, a low level of replication of E1-deleted vectors in target cells under certain circumstances and in certain cell lines has been reported in vitro 28 and in vivo. 4 We were able to confirm adenoviral replication in HepG2 cells and extend this finding to all three other cell lines (A2, HuH7, A549) examined. The intensity of replication differed between the cell lines and was dependent on the MOI used but was also detectable at the lower MOI. The proportionate contribution of infection event, residual gene expression or adenoviral replication for the induction of apoptosis cannot be concluded from our data and needs further investigation. However, vectors with deletions in relevant genes or gutless adenoviruses, which do not contain any adenoviral genes, have been shown to have reduced toxicity in vivo and may therefore also have reduced proapoptotic potential.
Besides induction of apoptosis, we also observed induction of G2/M arrest by infection with replicationdeficient adenovirus. G2/M arrest as a consequence of viral infection has been reported before for other viral vectors 29, 30 and also for adenoviral vectors at the time that this report was in the review process. 31 In our case, the early and reversible nature of the process and the fact that UV-inactivated adenoviruses still arrest the cells argues for a cellular emergency reaction to the adenoviral infection process. The G2/M arrest observed may at least in part be responsible for the severe but also reversible growth retardation upon adenoviral transduction that we observed and which has been described before. 32 One of the practical consequences of our results is that accurate determination of viral titer and actual transfer efficacy seems to be crucial if adenoviruses are to be used in gene therapy or apoptosis and cell cycle research. Adenovirus-related effects such as growth retardation, G2/M arrest and apoptosis are negligible at viral doses which allow almost 100% gene transfer and under these conditions any observed effects can be safely attributed to the transgene under study. However, as soon as a critical MOI of about two times 100% transfer efficacy is passed, which can easily happen if the effects of two transgenes are to be compared, virus-related effects on cell cycle and apoptosis increase dramatically and the analysis of transgene-dependent effects becomes difficult. Therefore, in addition to conventional methods, determination of viral titers by detection of adenoviral copies by Southern blot hybridization and the determination of the actual percentage of transduced cells by staining the cells against the transferred transgene could increase the accuracy of gene transfer experiments.
Materials and methods
Cells and cell culture A2 cells (derived from p53 knock-out mice, 33 HepG2 cells (human hepatocellular carcinoma) and A549 cells (human lung carcinoma) which both contain wt p53, 14, 15 HuH7 cells (human hepatocellular carcinoma) which contain mutant p53 13 and 293 cells (human primary embryonal kidney) were cultured in DMEM supplemented with 10% FCS, 2 mm glutamine and 100 IU/ml penicillin/50 g/ml streptomycin.
Adenovirus preparation and infection
The construction of Adeno.HSVtk (Ad.tk) has been described before. 34 It contains the herpes simplex virus thymidine kinase gene under the control of the CMV promoter. Adeno.CMV-p53 (Ad.p53) contains the p53 gene driven by the CMV promoter and is a kind gift of W-W Zhang. 35 Ad.RSV-␤gal (Ad.␤gal) contains the ␤-galacto-sidase gene under the control of the RSV promoter and was kindly provided by LO Stratford-Perricaudet. 36 In all three viruses, the whole E1 region and the majority of the E3 region are deleted. Large purified viral stocks were generated as described before 34 by CsCl 2 centrifugation and titrated by a modified cpe endpoint assay. 34 Titers were determined to be 1.5 × 10 11 (Ad.␤gal, Ad.p53) and 1.0 × 10 11 (Ad.tk). Particle number was estimated by determining the amount of viral DNA by measuring optical density at 260 nm. Particle to p.f.u. ratios were 9.1 (Ad.p53), 8.7 (Ad.␤gal) and 18.0 (Ad.tk). All virus stocks were free of replication-competent adenovirus (RCA) at a detection sensitivity of one RCA per 5 × 10 8 infective particles as determined by supernatant rescue assay according to Dion et al. 37 For transduction with Ad.␤gal, cells were plated on 24-well plates at a density of 7.5 × 10 4 cells per well. For determination of growth retardation at increasing MOIs of Ad.tk, cells were plated on six-well plates at a density of 1.5 × 10 5 cells per well. All other transductions were performed on cells plated on 10-cm plates at a density of 1.5 × 10 6 cells per well. In all cases, cells were transduced on the next day at the indicated MOIs. Transduction was performed for 2 h in PBS in a volume just covering the bottom of the wells. Then, three volumes of medium were added and incubation at 37°C, 5% CO 2 was allowed until cells were harvested for further analysis.
Preparation of cells for analysis
At the indicated time-points and if not stated otherwise, trypsinized cells were combined with collected supernatant, containing mainly apoptotic cells. Cells were washed with PBS and viable cells were counted by trypan blue exclusion assay. A portion of the cells was pelleted and snap-frozen for immunoblotting. Another portion was fixed in 70% methanol in PBS for 10 min at 4°C, washed twice, resuspended in PBS and stored at 4°C for cell cycle analysis.
Immunoblotting
Cell pellets were lysed in lysis buffer. Protein concentration was determined by Bradford assay. Fifty micrograms were electrophoretically separated on either 8% (p53) or 12% (bax) polyacrylamide-SDS gels. Proteins were transferred to nitrocellulose by semi-dry blotting and immunodetection was performed using the enhanced chemiluminescence system (NEN, Boston, MA, USA). Mouse monoclonal antibodies against p53 (Ab-2, Oncogene Science, Dianova, Hamburg, Germany, 200 g/ml, 1:200), and bax (Pharmingen, San Diego, CA, USA, Cat. No. 13686E, 1:1000) were used as primary antibodies. Biotinylated goat anti-mouse antibody and a streptavidin-POD conjugate were used for secondary detection of p53 and POD-conjugated anti rabbit antibody for secondary detection of bax.
Two-dimensional flow cytometry
Methanol-fixed cells were washed twice in PBS and incubated with p53 antibody (Ab-2, Oncogene Sciences, 200 g/ml, 1:10) for 1 h at RT, followed by a FITC-conjugated sheep anti-mouse antibody for 30 min in the dark. Cells were then incubated for 15 min at 37°C in PI (25 g/ml), RNAse (10 mg/ml) solution and then subjected to flow cytometric analysis on an EPICS XL-MCL flow cytometer (Coulter, Hialeah, FL, USA). Color compensation was set to FL3 (PI) = FL3-15% FL1 (FITC) to compensate for the overlap of red and green fluorescence emission spectra. Cell cycle was analyzed using the Multicycle AV software (Phoenix Flow Systems, San Diego, CA, USA).
Annexin V staining Cells were harvested as described above and washed twice in PBS. Unfixed cells were then subjected to staining with annexin V according to the instructions of an apoptosis detection kit (R&D Systems, Minneapolis, MN, USA).
Southern blotting
Preparation of genomic DNA from cell culture was performed using standard procedures. Genomic DNA (10 g) was digested with NcoI, which releases a 1785-bp fragment from the adenovirus genome. A 1542-bp PCR fragment 38 spanning a part of the NcoI fragment was used as a template to synthesize an adenovirus-specific radiolabeled probe by random priming. Blotting and hybridization were carried out following standard methods. For determination of adenoviral replication (Figure 11 ), Hirt extractions 39 were performed alternatively to preparation of genomic DNA before NcoI digestion.
RT-PCR
RNA from infected cells was isolated according to standard protocols. Reverse transcription was performed using 3 g oligo-dT, 0.5 g random hexanucleotide primer mix, 200 U Superscript reverse transcriptase (Gibco BRL, Paisley, UK) and 500 ng RNA. Five per cent of each reaction mix was used for PCR amplification. PCR primers (E4ORF6-1: CAG AGT AAC TGC AGC ACA GC, E4ORF6-2: GCG CTA CCA TAC TGG AGG AT) generate a 550-bp amplification product from reverse transcribed E4ORF6 RNA. PCR products were analyzed on 8% agarose gels after 30 amplification cycles.
UV/8-MOP inactivation of adenovirus UV/8-MOP inactivation was performed according to Cotten et al, 40 with some minor modifications. Briefly, virus samples (in 50% glycerol) were placed in 24-well plates with 300 l virus per well. 8-Methoxypsoralen (8-MOP, stock solution: 33 mg/ml, Sigma, St Louis, MO, USA) was added to give a final concentration of 330 g/ml. The samples were placed on ice (with cover on), 3 cm below the filter of a 365 nm UV light source (6 × 15 W bulbs), and irradiated for 25 min. Virus was then purified by gel filtration on a Sephadex 25, NAP 5 column (Pharmacia Biotech, Uppsala, Sweden) and preequilibrated with 50% glycerol (in PBS). The samples (300 l) were applied to the column, washed into the column with 200 l 50% glycerol and eluted with 600 l 50% glycerol. The number of viral particles was determined by measurement of DNA content of 1:5 diluted samples at 260 nm. The number of infective particles was determined by a modified cpe assay as described before. 34 According to Cotten et al, 40 UV/8-MOP inactivation reduces viral transcriptional activity at least 1000-fold and leads to a five log decline in viral titer. Accordingly, we saw a reduction of viral titer by five orders of magnitude by combined treatment with UV and 8-MOP. Neither UV irradiation alone nor exposition to 8-MOP alone reduced viral titer nor did gel filtration cause any loss of viral particles or infectivity.
